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L
ysophosphatidic acid (LPA) is a pluripotent lipid mediator controlling growth, motility, and differentiation (1, 2) . It is the ovarian cancer-activating factor that is elevated in the serum of ovarian cancer patients (3) , and it controls adipogenesis (4) . LPA also is generated during platelet activation (5) to become a major growth factor of serum. LPA stimulates three G protein-linked, plasma membrane-associated receptors [LPA 1 , LPA 2 , and LPA 3 , formerly edg2, edg4, and edg7 (6) ] that recognize extracellular LPA (7) . However, control of complex processes including growth and differentiation is difficult to reconcile with these receptors (8) , suggesting that undiscovered receptors for LPA may exist. LPA is a central component of cellular phospholipid metabolism and, because a role for intracellular LPA beyond this is unknown, the plasma membrane separates signaling LPA from metabolic LPA.
The transcription factor peroxisome proliferator-activated receptor ␥ (PPAR␥) regulates genes that in general control energy metabolism (9) . PPAR␥, like other members of its extended nuclear hormone receptor superfamily, is activated by binding an appropriate lipid ligand (10) . Synthetic compounds, including the widely prescribed drug rosiglitazone, target PPAR␥ and activate transcription with high affinity. Anionic fatty acids and their oxidized derivatives also bind and activate PPAR␥ (11) , but they do so through low-affinity interactions (12) . Although a number of biologic ligands for PPAR␥ are known, these ligands do not provide signal amplification because the products are about as potent as their precursors.
PPAR␥ agonists arising from physiologic signaling pathways remain elusive, but a pathologic agonist is known. Uncontrolled free radical oxidation of low-density lipoprotein (LDL) fragments its phospholipids, and one of these phospholipid oxidation products, hexadecyl azelaic phosphatidylcholine (azPC), binds and activates PPAR␥ as potently as the drug rosiglitazone (13) . azPC differs from its inactive phospholipid precursor in that it has a shortened sn-2 residue that is also anionic. Oxidatively fragmented phospholipids are found in atherosclerotic lesions (14) and in the circulation after exposure to primary (15) or second-hand (16) cigarette smoke, but are unlikely to constitute PPAR␥ ligands under normal conditions. Knowing that an anionic phospholipid was a PPAR␥ agonist, we examined other anionic phospholipids integrated in signaling pathways for this property. reporter that lacks just this element before stimulation overnight with 5 M agonist. Some experiments included 0.25 g of empty pcDNAI, pcDNAI expression plasmids encoding LPA acyltransferase (17) , or PPAR␥ (13) . Saccharomyces cerevisiae was transfected with lithium acetate and rat acyl-CoA oxidase PPRE-␤-galactosidase reporter, PPAR␥, and retinoid X receptor (RXR) before selection in nutrient-deficient media (18) . Overnight cultures were supplemented with the stated lipid for 16 h before harvesting and analyzing ␤-galactosidase levels with o-nitrophenyl ␤-Dgalactopyranoside.
Materials and Methods
LPAx Receptor Activation. LPA receptor activation was evaluated by examining Ca 2ϩ flux in fura-2-loaded Sf9 cells expressing LPA 1 , LPA 2 , or LPA 3 by excitation at 340 and 380 nm with emission monitored at 500 nm as described (19) .
Chemical Synthesis. Hexadecyl lysophosphatidylcholine was prepared as described (20) . Translocase-3 {Tris[2-(2-naphthalenesulfonamido)ethyl]amine} was prepared as described (21) . Total synthesis of enantiomerically pure XY4 [1,1-difluorodeoxy-(2R)-palmitoyl-sn-glycero-3-phosphate] was achieved in nine steps, with 21% overall yield, from protected D-mannitol. XY4 is an analog of sn-2-palmitoyl LPA where the sn-1-hydroxyl group is replaced by two electronegative fluorine atoms to prevent acyl migration. Its synthesis (22) involves difluorination of an aldehyde intermediate, selective deprotection of a glyceryl bissilyl ether, and deprotection of dimethyl phosphate by trimethylsilyl bromide, after neutralization the free phosphoric acid was obtained and characterized by 1 H-, 13 C-, and 31 P-NMR and by high-resolution mass spectrometry. XY8 is an analog of sn-1-palmitoyl LPA. Synthesis of enantiomerically pure XY8 [1-palmitoyl-(2R)-fluorodeoxy-sn-glycero-3-phosphate] involves selective protection of the primary alcohol and deoxyfluorination of the secondary alcohol; after deprotection as with XY4, an ion exchange step afforded the sodium salt after seven steps in 18% overall yield from (R)-isopropylideneglycerol (Y.X., L. Qian, and G.D.P., unpublished work).
Monocyte Manipulation. Monocytes were elutriated from human blood (23) . For oxidized LDL accumulation, the cells were immobilized on anti-ICAM3 (BBA29, R & D Systems) on plastic chamber slides for 2 h as before (24) to induce PPAR␥, and then stimulated, or not, with 5 M oleoyl LPA for 16 h. After this, the cells were exposed to 50 g͞ml oxidized LDL (25) for 30 min before fixation and staining with oil red O. Total cellular cholesterol was determined with a Sigma60 cholesterol oxidase kit (Sigma), whereas protein content was determined with Coomassie blue (Pierce). Flow cytometry of surface CD36 protein used FITC-conjugated CLB-IVC7 antibody (Accurate Chemicals) (24) . CD36 function was blocked by pretreating monocytes with 5 g͞ml 185-1G2 antibody (Neomarkers, Fremont, CA) for 30 min, before cholesterol loading and analysis as described above.
Platelet Stimulation. Platelet-rich plasma was isolated from the blood of healthy volunteers by centrifugation for 20 min at 200 ϫ g, and 3 ϫ 10 8 platelets per ml were then stimulated with 0.1 units͞ml thrombin. Prostaglandin E 1 (0.1 M) was added to control platelets to avoid activation. After this, platelets were removed by centrifugation at room temperature for 10 min at 500 ϫ g, and the supernatant was tested on transfected RAW264.7 cells at a dilution of either 1:10 or 1:100. (Fig. 1b) , with a preference for the more soluble oleoyl homolog. The diacyl phospholipid phosphatidic acid did not compete for [ 3 H]rosiglitazone binding, nor did the zwitterionic lipids lysoPAF (hexadecyl phosphatidylcholine) or sphingosine 1-phosphate. Neither 9-nor 13-hydroxyoctadecadienoic acid was an effective competitor, at just a 20-fold excess, as anticipated from their affinity relative to rosiglitazone.
Results

LPA
We determined whether the binding of 1-oleoyl LPA to PPAR␥ initiated transcription from a PPRE. We transiently transfected the RAW264.7 macrophage-like cell line with a luciferase reporter gene controlled by the canonical acyl-CoA oxidase PPRE to find (Fig. 1c ) that LPA stimulated this reporter. The effect of LPA depended on its concentration and was maximally effective by 2 M, a concentration well below that found in serum (28) . There was a slight preference for the sn-1 ether over the ester homolog, but both LPAs were agonists. The PPAR subfamily contains PPAR␣ and PPAR␤͞␦ that also act on PPREs, but only cotransfection with PPAR␥ enhanced the effect of LPA or rosiglitazone (data not shown). Exogenous LPA Has an Intracellular Site of Action. LPA 1 , LPA 2 , and LPA 3 are plasma membrane receptors that recognize extracellular LPA (7), whereas PPAR␥ requires an intracellular, indeed intranuclear, agonist. To distinguish between intracellular and extracellular sites of action, we first enhanced access of LPA to the intracellular compartment. We found that a tridentate sulfonamid (Fig. 2a) , with the potential to hydrogen bond with the anionic phosphate group and thereby mask it, enhanced LPA stimulation of the PPRE reporter (Fig. 2b) just as a related Tris-sulfonamid translocase enhanced the effect of azPC (13) . The LPA translocase by itself did not stimulate reporter expression, nor did it affect reporter induction when the agonist was rosiglitazone.
Support for an intracellular site of action for LPA was provided by a converse approach in which we suppressed intracellular levels of LPA through the overexpression of LPA acyltransferase (17) . This metabolic enzyme enhances the flux of LPA to phosphatidic acid, a lipid that was not a PPAR␥ ligand (vide supra), by catalyzing the condensation of LPA with intracellular acyl-CoA. LPA acyltransferase expression completely suppressed LPA, but not rosiglitazone or azPC, stimulation of the acyl-CoA oxidase PPRE reporter (Fig. 2c) .
Synthetic LPA Analogs Activate PPRE Function. The tumor promoter ovarian cancer-activating factor is sn-2 LPA (29) rather than the more common sn-1 LPA isomer we used in the experiments above. sn-2 LPA activates LPA 2 and LPA 3 receptors (19) , but studies of positional specificity are complicated by a rapid chemical equilibrium favoring the sn-1 isomer by almost 6-fold. To circumvent this intramolecular rearrangment, we synthesized sn-1 and sn-2 LPA analogs where one hydroxyl group was conservatively changed to a fluoro moiety to give LPA analogs XY4 and XY8 (Fig. 2a) that cannot undergo acyl migration or further acylation. We found (Fig. 2 b and c) that the fluorodeoxy LPA analogs induced luciferase expression from the acyl-CoA oxidase PPRE reporter. We established that the effective concentrations of XY4, XY8, and LPA were equivalent (data not shown), so substitution of fluorine for the hydroxyl of LPA was an effective strategy to create stabilized LPA mimetics. There was no positional specificity for the acyl chain because both the sn-1-like (XY8) and sn-2-like (XY4) analogs were equally effective PPAR␥ agonists. We also found oleoyl analogs of XY4 and XY8 were effective PPAR␥ agonists (data not shown), so there was no specificity for the acyl residue. The Tris-sulfonamid translocase enhanced the effect of XY4 and XY8 in stimulating the PPRE reporter (Fig. 2b) , as anticipated from the free phosphoryl group of XY4 and XY8. XY4 and XY8 cannot be acylated, so intracellular expression of LPA acyltransferase did not change the response to either of these two stable LPA analogs (Fig. 2c) .
LPA Is a Direct, Rather Than Indirect, PPAR␥ Agonist. We sought a way to show that LPA directly acts on PPAR␥, rather than stimulating the formation of an unknown endogenous ligand through an LPA x receptor. We also sought a way to circumvent the possibility that other nuclear hormone receptors, which might physically interact with PPAR␥, might bind LPA and then indirectly stimulate PPAR␥ function. We accomplished these goals in two ways; the first was through the use of S. cerevisiae, an organism that lacks all nuclear hormone receptors and contains only a single G protein-linked receptor for mating factor. Yeast will accumulate intact anionic phospholipids from their media (30) and can be stably transfected with a PPAR␥ reporting system (18) . We found (Fig. 3a) that yeast engineered to contain PPAR␥, RXR, and the ␤-galactosidase PPRE reporter expressed the reporter in response to the PPAR␥ agonists rosiglitazone and azPC, and they expressed the reporter in response to LPA. Strains transfected with just the PPRE reporter, or the reporter and just PPAR␥ or just RXR, showed no basal reporter expression. The three strains lacking the PPAR␥͞ RXR heterodimer also did not respond to rosiglitazone, azPC, or LPA, confirming the lack of confounding receptors in S. cerevisiae.
We next tested whether G protein-linked receptors for LPA could be excluded from a role in PPAR␥ activation. We stably transfected Sf9 insect cells, derived from an organism that lacks all G protein-linked LPA receptors, with messages for LPA 1 , LPA 2 , or LPA 3 . The transfected cells responded to LPA with a transient intracellular Ca 2ϩ flux as anticipated (Fig. 3b) . In contrast, the migration-stabilized LPA analogs XY4 and XY8 were not effective agonists for these receptors and were two to four orders of magnitude less active than oleoyl LPA. Because XY4 and XY8 were effective PPAR␥ agonists, these LPA analogs did not act through LPA x receptors.
LPA Induces CD36 Expression and Foam Cell Formation. LPA accumulates in atherosclerotic lesions (31) , a location enriched with PPAR␥ (32), and PPAR␥ is required for regulated CD36 expression (33, 34) . Monocyte accumulation of oxidized LDL by CD36 (35, 36) leads to intracellular lipid droplet accumulation and foam cell formation that are characteristic of these lesions. We found that human monocytes stimulated with LPA and then exposed to oxidized LDL as a cholesterol source rapidly accumulated excessive intracellular neutral lipid stores that stained with oil red O (Fig. 4a) . Human monocytes express a low level of CD36 on their surface, which increases after exposure to troglitazone (33, 34) or azPC (13) . We found (Fig. 4b) that LPA also stimulated the expression of CD36 on the surface of human monocytes. The CD36 promoter contains a functional PPRE (13, 35, 37) ; and a reporter construct containing this PPRE, but not a truncated version lacking just this element, responded to LPA stimulation (Fig. 4c) . The LPA analogs XY4 and XY8 also induced expression of the luciferase reporter controlled by the CD36 promoter when it contained the PPRE, but failed to do so when the construct lacked this element (Fig. 4c) . Chemical quantitation of cellular cholesterol levels showed that LPA or rosiglitazone treatment doubled cellular cholesterol content (Fig. 4d) , and that a blocking anti-CD36 antibody prevented this increase.
LPA Is a Transcellular Lipid Mediator. Aggregating platelets generate LPA through the release of lipases that act on plasma lipids, creating the micromolar levels of LPA in serum (28) . We stimulated human platelets in platelet-rich plasma with thrombin, or not, and then collected cell-free supernatants by centrifugation. RAW264.7 monocytic cells previously transfected with the PPRE-containing CD36 reporter responded to these platelet supernatants by expressing the luciferase reporter just as they did when stimulated with synthetic LPA or rosiglitazone (Fig. 5a) . None of these agents stimulated reporter expression when the CD36 regulatory region lacked the PPRE. The supernatants collected from activated platelets also stimulated reporter expression from the acyl-CoA oxidase reporter (Fig. 5b) , and the formation of this PPAR␥ agonist from activated platelets was rapid; the PPAR␥ agonist ap- Fig. 3 . LPA is a direct PPAR␥ agonist. (a) LPA stimulates PPRE reporter transcription in S. cerevisiae after ectopic expression of PPAR␥ and RXR. S. cerevisiae was selected to stably express a PPRE-␤-galactosidase reporter alone or the reporter and RXR, PPAR␥, or both PPAR␥ and RXR. These cells were then incubated with the stated agonist for 16 h before the amount of ␤-galactosidase produced was quantified. (b) XY4 and XY8 are ineffective LPA1, LPA2, or LPA3 agonists. Sf9 cells were stably transfected with one of the three LPA x receptors, loaded with the Ca 2ϩ -sensitive dye fura-2, and then stimulated with the stated amount of LPA, XY4, or XY8 before changes in intracellular Ca 2ϩ levels were determined from the ratio of fluorescence after excitation at two wavelengths. Fig. 4 . LPA stimulates lipid accumulation, CD36 expression, and oxidized LDL uptake through a PPAR-responsive element. (a) LPA stimulates monocyte uptake of oxidized LDL. Freshly elutriated human monocytes were allowed to interact with an anti-ICAM3-coated well, which leads to rapid PPAR␥ expression (13) , and then stimulated, or not (negative, oxLDL), with oleoyl LPA. Some cells were then briefly exposed to oxidized LDL before intracellular lipid stores were visualized with oil red O stain. (b) LPA increases the expression of CD36 on the surface of primary human monocytes. Monocytes engaging anti-ICAM3 were treated or not with LPA, and then recovered by gentle scraping and washing by centrifugation before their surface CD36 was assessed by flow cytometry. (c) LPA and the LPA analogs XY4 and XY8 stimulate CD36 promoter function only when the PPRE is present. RAW264.7 cells were transfected with the human CD36 promoter containing the PPRE (CD36 Ϫ273 ) or a reporter that lacks only this element (CD36 Ϫ261 ) and then stimulated with oleoyl LPA, azPC, XY4, or XY8. Expression of luciferase normalized to ␤-galactosidase was determined as above. (d) Anti-CD36 blocks LPA-stimulated accumulation of cholesterol from oxidized LDL. Freshly isolated human monocytes were treated as in a, but after being preincubated with a blocking anti-CD36 antibody before exposure to oxidized LDL. peared within 5 min after thrombin stimulation, with a modest increase thereafter. Thrombin by itself had no effect on the transfected RAW264.7 cells (data not shown). The response to the PPAR␥ agonist generated by activated platelets, like the response to LPA, was completely abolished when the reporter cells had been cotransfected with LPA acyltransferase (Fig. 5c) . We conclude that platelets, like ovarian cancer cells (3) and adipocytes (4), produce LPA as a paracrine signal that can modulate transcription in distal target cells through PPAR␥.
Discussion
PPAR␥ is not an orphan nuclear hormone receptor, but neither is it currently integrated in a pathway displaying signal amplification. The primary mode of PPAR␥ activation is the conformational change induced by a lipid ligand, and many lipids that bind and stimulate PPAR␥ function are known, but all are low-affinity ligands that are unlikely to be bona fide ligands (10) . Thus various arachidonate and linoleate oxygenated metabolites bind and activate PPAR␥, but because their K d values are in the same low micromolar range (38) as their unmodified parent compounds there is little signal amplification achieved by their modification (12) . Cellular metabolism of LPA (to free fatty acids, for instance) was not responsible for the PPAR␥ activation we observed, because a phospholipase A 1 -insensitive sn-1 ether homolog of LPA was an effective PPAR␥ agonist, as were LPA analogs unable to undergo acyl migration or acylation to phosphatidic acid.
LPA is formed and released from cells in response to physiologic signals, and, because its precursor phosphatidic acid was not a PPAR␥ ligand, provides signal amplification for PPAR␥ activation just as it does for LPA x receptors. We found PPAR␥, like the LPA receptors LPA 2 and LPA 3 (19) , was activated by either sn-1 or sn-2 LPA homologs but also by alkyl LPA with an sn-1 ether bond. PPAR␥ also did not display specificity for an unsaturated acyl residue, so it appears that an anionic phosphoryl group is a primary determinant for PPAR␥ activation by LPA. PPAR␥, therefore, responds to a wider range of LPA homologs than any single LPA x receptor (19) .
Our experiments show extracellular LPA has access to nuclear PPAR␥, so externally generated LPA can affect PPAR␥-controlled genes in surrounding cells. LPA is produced extracellularly by lipoprotein oxidation (31) or by the action of secretory phospholipases A 2 on microvesicles released from activated cells (39) . LPA also is produced in plasma by thrombinactivated platelets (5) through the stimulated release of phospholipase A 1 (5, 40) , phospholipase A 2 (5), and lysophospholipase D (autotaxin) (41, 42) , which act on plasma lipids or secreted lysophosphatidylcholine (42) . Whereas plasma contains undetectable amounts of LPA, its concentration in serum is several micromolar (28) . Serum levels of LPA increase over gestation (43) and in ovarian tumorigenesis (44) , although this also may reflect platelet activation and attendant LPA production (45) . Extracellular LPA also derives from stimulated ovarian cancer cells (29) and potentially other cancer cells (42) . LPA, therefore, can couple activated tumor cells or platelets (28) to PPAR␥ stimulation and gene regulation in neighboring as well as distal target cells. 5 . Extracellular LPA generated by platelet activation stimulates PPRE reporter expression in monocytic cells. (a) Activated platelets generate an agonist that stimulates a CD36 reporter through its PPRE. Human platelet-rich plasma was treated, or not, with activated thrombin, and platelet-free serum was recovered and tested, as a 10% addition to the medium, for the ability to stimulate luciferase expression in RAW264.7 cells previously transfected with CD36 Ϫ273 or CD36 Ϫ261 reporters that do or do not, respectively, contain the PPRE. Rosiglitazone and oleoyl LPA were the positive controls for PPAR␥ activation. (b) Accumulation of a PPAR␥ agonist(s) in platelet-rich plasma is time-dependent. Human platelet-rich plasma was treated with activated thrombin for the stated times before addition, at a 100-fold dilution, to RAW264.7 cells transfected with acyl-CoA oxidase PPRE luciferase and SV40-␤-galactosidase reporters. (c) LPA acyltransferase expression suppresses the response of a PPRE reporter to the supernatants of thrombin-activated platelets. RAW264.7 cells were transfected with acyl-CoA oxidase PPRE and SV40-␤-galactosidase reporters and, for some cells, with an LPA acyltransferase (LPAAT) expression construct. These cells were treated with the supernatant from unactivated or thrombin-activated platelets as in a.
